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Abstract

Observationsof the ocean,atmosphere,andicemadebyIce-OceanEnvironmentalBuoys

(IOEBs) indicate that mixing eventsreachingthe depth of the halocline haveoccurred in

various regions in the Arctic Ocean. Our analysissuggeststhat thesemixing eventswere

mechanically forced by intense storms moving acrossthe buoy sites. In this study, we

analyzed these mixing events in the context of storm developmentsthat occurred in the

Beaufort Seaand in the generalareajust north of Fram Strait, two areaswith quite different

hydrographic structures. The Beaufort Seais strongly influencedby inflow of Pacific water

through Bering Strait, whiie the areanorth of Fram Strait is directiy affectedby the inflow of

warm and salty North Atlantic water. Our analysesof the basin-wideevolution of the surface

pressureand geostrophicwind fields indicate that the characteristicsof the storms could be

very different. The buoy-observed mixing occurred only in the spring and winter seasons

when the stratification was relatively weak. This indicates the importance of stratification,

although the mixing itself was mechanically driven. We also analyze the distribution of

storms, both the long-term climatology, as well as the patterns for each year in the last two

decades. The frequency of storms is also shown to be correlated (but not strongly) to Arctic

Oscillation indices. This study indicates that the formation of new ice that leads to brine

rejection is unlikely the mechanism that results in the type of mixing that could overturn

the halocline. On the other hand, synoptic-scale storms can force mixing deep enough to

the halocline and thermocline layer. Despite a very stable stratification associated with the

Arctic halocline, the warm subsurface thermocline water is not always insulated from the

mixed layer.



1. Introduction

There is someobservationalevidenceto support the scenario that the Arctic climate

systemmay have undergoneconsiderablechangein the last few decades(e.g.,Walsh et al.,

1996;Powerand Mysak, 1992;Carmacket al., 1997;Slonosky,et al., 1997;Parkinsonet al.,

1999;Morison et al., 2000). It is not yet clear whether these changes represent long-term

trends or just phases of an oscillatory natural variability (e.g., Mysak and Venegas, 1998;

Thompson and Wallace, 1999; The best-measured variable in the Arctic climate system

over the last two decades is the sea-ice concentration (SIC) from satellite passive microwave

sensors. The SIC data reveal that the areal coverage of sea ice in the summer season has

been decreasing by about 2.5% per decade since the advent of satellite-borne observations

in the 1970s (Parkinson et al., 1999). The reduction in SIC has also appeared to accelerate

since the early 1990s. Meanwhile, submarine observations also indicate that the sea ice may

have been thinning. Taking these together, one may conclude that the total volume of Arctic

sea-ice has been shrinking, at least in recent decades. A more definite assessment can only

be made when more observations become available.

The change of total ice volume in the Arctic depends on several factors, including the

export of sea.--ice to the Nordic Seas through Fram Strait and the local thermodynamics that

govern the cycle of freezing and melting. Sea-ice transport is determined largely by surface

wind stress and oceanic current (e.g., Thorndike and Colony, 1982; Colony and Thorndike,

1984; Proshutinsky and Johnson, 1998). The ice export to the Nordic Seas is correlated well

with the North Atlantic Oscillation or the Arctic Oscillation (e.g., Kwok, 2000; Kwok and

Rothrock, 1999) and has been shown to affect sea-ice condition in Greenland and Labrador

Seas (e.g., Dickson et al., 1988; Mysak et al., 1990). The local thermodynamical balance

can be affected by many processes. The solar radiation thro_ugh open-water areas in the

summer season is a primary source of heat to the Arctic Ocean mixed layer (e.g., Maykut

and McPhee, 1995). Lateral advection within the mixed layer is less important, since the

temperature is uniformly near the freezing point in all seasons. The subsurface layer of warm

Atlantic water is an enormous reservoir of heat, but it is separated from the mixed layer by

a stable Arctic halocline in the 30 to 50m depth range (Aagaard et al., 1981). It is widely



believedthat convectivemixing, evenwith brine rejection in winter, is not deepenough to

reachthe warmer thermocline water, sothe heat flux from deeperlayersis often considered

to be small for the overall heat budget in the mixed layer. Such an assessmentis based

mainly on the considerationof buoyancyflux, suchasbrine rejection in winter. In this study

wewill showthat intensestormscould actually forcemixing through the Arctic halocline to
the thermocline.

Brine rejection during the formation of sea ice is a mechanismwhich has received a

great deal of attention in the study of mixing in the polar and subpolar oceans.It induces

static instability, which is responsiblefor sometypes of deepmixing in high-latitude oceans,

particularly in areaswhere the stratification is weak (suchas the Labrador and Greenland

Seas).This mechanismis lesseffectivein the Arctic Oceanwherethe stratification near the

surfaceis very stable. The deepeningof the mixed layer canalso be induced by an intense

flux of kinetic energy,causedby enhancedair-sea or ice-water stress. This type of mixing

has beenobservedin the Arctic Ocean.For instance,data collectedby a SALARGOS buoy

northeast of Svalbardshowedthat a storm in October 1988intensified vertical mixing, en-

hancedthe entrainment of warm and salty Atlantic water into the mixed layer, and resulted

in considerablemelting of seaice (Steeleand Morison, 1993).Yang et al. (2001),who ana-

lyzed oceanic,atmospheric,and sea-icedata collectedby a drifting buoy (Honjo et ai., 1995;

Krishfield et al., 1999), als0 reported mixing events in the Beaufort Sea. They attributed

the mixing to intensive surface forcing associated with storms.

In this study hydrographic data collected by the Ice-Ocean-Environmental Buoy (IOEB)

(Honjo et al., 1995; Krishfield et al., 1999) are examined to identify mixing events reach-

ing the halocline or deeper. We use atmospheric data from IOEBs, as well as from the

International Arctic Buoy Program (IABP), and the NCEP-NCAR reanalyses to examine

the development of wind and pressure fields during each mixing event. We also examine the

characteristics of synoptic storms in the Arctic arid their relationship to the longer time-scale

variations associated with the Arctic Oscillation.

2. The buoy and satellite data



The IOEB wasdesignedto acquireand transmit coherent,multi-variable, environmen-

tal data while drifting in the Arctic pack ice through all seasonsfor severalyears (Krish-

field et al., 1993). It was deployedjointly by the WoodsHole OceanographicInstitution

(WHOI) and Japan Marine Scienceand Technology Center (JAMSTEC). The autonomous

buoy system contained meteorological sensors measuring air temperature, pressure, wind

velocity, ice temperature, as well as ocean sensors on a sub-ice mooring system, 'including

CT recorders, dissolved oxygen sensors, an Acoustic Doppler Current Profiler (ADCP), fluo-

rometers, transmissometers, electromagnetic current meters, and a sediment trap. Inall, the

IOEB measured geophysical parameters over a range extending from the lower atmosphere

just above the ice surface down through the ice column and into the upper ocean, as deep

as the bottom of the Arctic halocline. Most instruments and sensors sampled at hourly

intervals, and were tracked by Argos satellites. The buoy configuration is shown in. Fig. 1.

Between 1992 and 1998 three buoys were deployed a total of six times in multi-year pack

ice in the Arctic Ocean (see Fig. :2 shows the buoy trajectories). The processing scheme for

the telemetered data, as well as the individual IOEBs and field operations, are described in

detail by Krishfield et al. (1993, 1999). The buoy instrument configurations were modified

in each deployment. Our interest here is primarily in the hydrography and its variations.

_l:hese data were available only for.the periods between April and November, 1994 in the

transpolar region; and April, 1996 to 1998 in the Beaufort Sea. The buoy was trapped in

the shelf area in early 1998, and so we will use data prior to the end of 1997.

In addition to meteorological data from the buoys, we also use sea-level pressure (SLP)

and surface and geostrophic winds from both NCEP-NCAR reanalyses (Kalnay et al., 1996)

and from the International Arctic Buoy Program (IABP) (Thorndike and Colony, 1980). In

addition, we use sea-ice concentration observed by satellites to quantify the extent of sea ice,

the total ice cover, and the amount of open water in the ice pack. Meteorological data is also

used to partition fluxes of heat, fresh water and momentum in open-water and ice-covered

areas. Sea-ice concentration data derived by using the bootstrap technique (Comiso, 1995)

are also used.

3. Mixing events observed by IOEBs



From the IOEB observationsofsalinity and temperature,wehaveidentified a fewmixing

eventsthat reachedthe haloclinedepth, characterizedby either completeor partial homog-

enization of water properties in the_mixed_andhalocline layers. In this sectionwedescribe

and explain them in the context of SLP and geostrophic-windvariations.

a. The Beaufort Sea Buoy

The first IOEB was deployed in the Beaufort Sea from an ice camp at 73°N, 148°W in

April 1992 (Fig. 2). Due to failure of the CD recorders, hydrographic data were not collected

during this deployment (see Krishfield, 1999, for explanation). The buoy was recovered and

refurbished in April of 1996, so that afterwards both temperature and salinity were measured

at three depths (8m, 45m and 76m). These depths were chosen to cover the Arctic Ocean

mixed layer, the halocline and the upper thermocline. The satellite-transmitted data were

recorded at a temporal resolution of 6 hours (the data recovered with the instrument had a

higher frequency of 1 hour). The buoy, which was refurbished roughly a year later in April

1997, continued to drift anti-cyclonically following the Beaufort Gyre until it ran aground in a

shallow shelf area in early 1998. While the meteorological, ice and other oceanographic data

(such as current velocity from the ADCP) collected before the April 1996 refurbishment are

still very useful for studying some important dynamical processes (such as internal waves),

we focus on data from the period when hydrography was observed, from April 1996 to the

end of 1997.

Between the first and second refurbishing (April 1996 and April 1997), the IOEB drifted

mainly southward just offshore of the 3000m isobath (Fig. 3). The salinity and temperature

observed during this period are shown in Figure 4 (red" 8m; green- 45m; blue: 76m). The

buoy seems to pass from one hydrographic regime to another around the 240th day (August

27) in 1996. Before that the water temperature at 45m was near the freezing point, similar

to that at 8m. The salinity at 8m was also considerably higher, between 30 and 31 psu.

It appears that both temperature and salinity at 8 and 45m were quite homogenized. This

suggests that the mixed layer during this period was abnormally deep compared to a typical



Arctic mixed layer of 20-30m. After the 240th day the water massat 8m and 45mgradually

show distinctly different characteristics. The temperature at 45m risesgradually to about

-1.2 ° and surfacesalinity at 8m decreases.to.about29 PSU. The vertical structure became

more 'typical' of the westernArctic Ocean,with a fresh, cold mixed layer overlying warmer,

saltier water, with water properties strongly influenced by water from Bering Strait. It is

interesting to note that the buoy wasnearly stationary just north of 79°N before the 240th

day, but drifted much more rapidly toward the south afterward. Thus, the observed changes

ih temperature and salinity may be primarily due to the change of water-mass properties

along the buoy trajectory.

Near the end of 1996 and into early 1997 there appear to have been some mixing events

that reached the halocline layer. Either due to rapid restratification or to quick passage

through the mixing area, the typical mixed-layer and halocline structure is observed again

within only a few days. Another mixing event occurred:on around the 60th day in 1997. The

salinity at 8m, about 29 PSU, was about 1 PSU lower than that at 45m, and remained low

through the mixing events. Thus, it is unlikely that the mixing was driven by brine rejection.

It is more likely that these events were mechanically forced by storms, as has been reported

by Steele and Morison (1993) and Yang et al. (2001). Therefore, we will examine surface
2"

atmospheric condition._ in the vicinity of the buoy during the observed mixing events.

We have analyzed two different sets of meteorological data, the surface wind measured

by IOEBs, and the geostrophic wind and SLP from the IABP. In addition, we have used the

surface wind and SLP from the NCEP-NCAR reanalyses for comparison and for examination

of long-term variability. Surface wind data taken directly from IOEBs would be ideal for this

study since they were collected simultaneously with ice and oceanic observations at precisely

the same location. However, as discussed by Krishfield et al. (1999), the wind sensor could

have occasionally been partially or completely frozen by ice, sometimes resulting in an under-

estimate of surface wind speed. Therefore, in addition to wind data from the IOEBs, we will

also use the meteorological data from the IABP.

The geostrophic wind speed at the buoy site is shown in Fig. 5 (the dashed line is for

the daily speed and the solid line is for i_s 5-day running mean). We have compared this



with the surfacewind speedmeasureddirectly by the buoy. Their temporal variations agree

well (the amplitude of the surfacewind wasunderstandablysmaller than that of geostrophic

wind) except for a period near the end of 1996when the IOEB wind speedwasnear zero.

Webelievethat this wasdue to the instrument's rotor being frozen. Both typesof data show

that the wind speedwasconsiderablyhighernear the endof 1996,in early 1997,and around

the 60th day in 1997,coinciding with the three periods in which deep mixed layers were

observed.Although the wind speedwashigh on aroundday 320in 1996,the hydrographic

data, however,did not show a completehomogenizationbetween8 and 45m. The density

differencebetweenthese two levelsdid decreasein this short period, asthe surfacesalinity

increasedand the subsurfacetemperature at 45m increased. Whether this was due to a

partial mixing, or whether the buoywasjust passingthrough a previously mixed areais not
clear at this point.

The developmentof eachof threestorms (near the end of 1996,early in 1997,and on

day 60 in 1997)was quite similar in terms of SLP anomaly evolution. Thus, here we will

only discussthe storm on the 60th day in 1997,sinceit wasmoredistinct in time from other

storms. Near day 60 the speedof both ice motion and surfacewind increasedconsiderably

(Fig. 6). The ice wasmoving at about 1-3 cm/s beforethe storm and acceleratedto nearly

20cm/s. The wind speedat the buoy height (2m) alsoincreasedto about 8m/s. Geostrophic

wind anomalies and SLP at 12:00 hours from the 54th to the 65th day in 1997 are shown in

Fig. 7. The anomalous data were based on the twice-daily climatology calculated between

Jan. 1, 1979 and Dec. 31, 2000 using IABP data. The buoy site is marked by a "B" in

both plots. The wind speed near the buoy increased on the 55th day, growing gradually to a

maximum (about 15 In s -_ higher than climatology) on the 59th day. The positive anomaly

of wind speed lasted for more than 10 days, and was still present on the 65th day. A notable

fe_.ture in Fig. 7 is that the buoy was seldom in the center of the area of maximum wind

speed, but was rather on the edges of this area. The maximum wind-speed anomaly was

more than 20 m s -*.

The SLP anomaly exhibited a dipolar structure (Fig. 8). The pair of high and low SLP

centers appeared on the 54th day, with a positive SLP anomaly in the Kara Sea (centered at

about 60°E, 75°N), and a negative center in the Greenland and Norwegian Seas just south of



Fram Strait (at about 15°E, 70°N). This dipole intensifiedand propagatedeastwardslowly

in the first severaldays. The low then moved poleward after the 58th day, while the high

continued eastwardtoward the East Siberian and Chukchi Seas(Fig. 8e-f). Later, the low

pressurecenter started to diminish nearthe North Pole,but another low started developing

south of Fram Strait. The new low SLP center appearedto split into two parts which

propagated in opposite directions. Around the 63rd day the SLP field in the Arctic was

d)minated by a high in the ChukchiSea,a low overBarentsSea,and another low over the

C'anadianArchipelago (Fig. 8j). The pressuregradient waslarge and hencethe geostrophic

wind wasstrong in areasbetweenhigh and low-pressurecenters (Figs. 7 and 8). The buoy
was located in oneof theseareas.

HOWdid the sea-iceconcentrationrespondto this synoptic-scaleatmosphericforcing?

To answerthis question,weexaminedthe daily iceconcentrationdata from satellite passive-

microwavesensors.The data, derivedusing the bootstrap method asdescribedby Comiso

(1995), were obtained through the National Snow and Ice Center. It is obvious that the

concentration is one index for the total sea-icechange,but is also a very useful indicator

cJf divergence and convergence of ice drift, especially on synoptic time-scales over which the

change in thickness due to melting and freezing is probably small. The sea-ice concentration

near the buoy was higher than 90% (not shown) before the storm developed, typical of

winter sea-ice conditions in this area. The change of ice concentration between the 54th day

(February 23) and the 65th day (March 6) is shown in Figure 9. The ice concentration at

the buoy site had decreased by about 5% after the storm. The ice concentration became

lower in the Beaufort Sea (between 120°W and and 150°W) and higher in the Chukchi Sea

(between 150 ° and 180°W). This was mainly due to changes in sea-ice transport driven by

the wind stress. During the storm development, the Beaufort Sea and Chukchi/E. Siberian

Seas were dominated by low and high-pressure centers, respectively. Thus, the anomalous

geostrophic wind at the buoy site was mainly southward. This drove the sea-ice transport

toward the high SLP center due to the Coriolis effect. This is confirmed by the speed of

the drifting buoy (which was fixed in the pack-ice). Just before the storm on day 54 the

buoy drifted at a speed of about 0.2 cm/s toward the west and about 0.004 cm/s toward

the south. At the peak of the storm development on the 60th day, the southward velocity



increasedto 13cm/s and the westwardvelocity to 4 cm/s, consistentwith our assessment
of ice convergenceand diverge_me.

The developmentof the other two storms,onenear the end of 1996and one in January

1997,also involved both high and low SLP centers.For example, the geostrophicwind was

more than 15m/s higher than its climatology on the 19th and 20th day in 1997. The SLP

anomaly was almost a mirror image of that on the 60th day, with high SLP over the Chukchi

a::cl East Siberian Seas and low SLP in the Beaufort Sea and the Canadian Archipelago. The

change in sea-ice concentration after this storm was very similar to what was just dicussed

in connection with Figure 9.

The IOEB was refurbished again in April, 1997 and continued to drift anti-cyclonically

in the Beaufort Gyre (Fig. 2). The hydrographic data collected after this refurbishment

are discussed by "gang et al. (2001), who suggest that the rapid change of salinity and

temperature in December 1997 (Fig. 10) was due to storm-forced mixing. This hypothesis is

consistent with the estimate of turbulent kinetic energy flux calculated from buoy-observed

wind and ice drift speeds (Fig. 11). Here we examine in more detail the development of

the storm and study its impact on sea-ice distribution. Fig. 12 shows that the geostrophic

wind speed was relatively strong in the western Arctic Ocean between the 336th and the

346th day in 1997. The buoy was near the center ofmaximum wind on the 340th day (Fig.

12g), with wind speeds more than 20 m/s stronger than climatology. The buoy stayed in

the center of the wind-speed maximum for another 5 days until the 345th day (although the

wind speed weakened gradually). This strong wind condition was caused by an anomalously

high SLP center over the Laptev and northern Chukchi Seas just south of the North Pole,

and a low SLP condition in the southern Beaufort and Chukchi Seas. The pressure gradient

associated with these SLP centers created a strong westward wind in the Beaufort Sea area

where the IOEB was located. As Fig. 13 shows, this pressure anomaly persisted at the

same location for several days, from the 339th to the 345th day. This was consistent with

the buoy-observed surface wind conditions in this period (Yang et al., 2001). Because of

the strong eastward winds, sea-ice concentration after the storm increased considerably in

the southern Chukchi Sea and decreased in a broad area within the Beaufort Sea. The ice

10



concentration at the buoy site changedfrom near 100%on day 335to about 92%on day346.

It should be noted that this reduction occurredduring the seasonof maximum ice growth.

The IOEB continuedto drift after the endof 1997(seetrajectory in Figure 1), eventually

entering the shallow shelf areaof the ChukchiSea.Oceanographicconditions over the shelf

are considerably different from these in deeperwaters. Water-masscharacteristicson the

shelf aremore influencedby coastalprocessessuchastidal mixing, coastal upwelling, shelf-

basin interactions, etc. Theseare interesting topics, but clearly beyond the scopeof this
study.

b. The Transpolar Drift Buoy.

In the preceding section we discussed some cases of mixing events and their association

with synoptic storms in the Beaufort Sea. Water mass characteristics in the upper Beaufort

Sea are strongly influenced by Bering Sea Water, and so are considerably different from those

in the Eurasian Basin, where Atlantic inflow plays a greater role. Fortunately, an IOEB was

deployed in April of 1994 in the Transpolar Drift ice-stream at 86°N, 12°W (see Fig. 2 for

the buoy location). It eventually drifted through Fram Strait and was recovered after 9

months at 9°W, 74°N in the Greenland Sea (see Fig. 14 for the buoy trajectory). About

day 190 (July 9) the buoy passed through Fram Strait and into the Greenland Sea. Yang et

al. (2001) have discussed briefly the hydrographic changes observed by this IOEB, for the

purpose of showing that deep vertical mixing was not restricted to the Beaufort Sea. Here

we examine storm development during each of the IOEB-observed mixing events, and the

associated sea-ice response. Like Yang et al. (2001), we use only those data collected north

of Fram Strait (before the 190th day) since oceanographic conditions in the Nordic Seas are

very different from those in the Arctic Ocean.

For the Transpolar Drift IOEB, temperature and salinity observations were made at 4

depth levels: 8m, 43m, 75m a_;d li0m. Like _he Beaufort Gyre IOEB, the top two levels

nicely capture variations in the mixed layer and halocline. The thermocline is deeper north

of Fram Strait than in the Beaufort Sea, so the additional sensors at 110m were ideal for

11



our study. Temperature and salinity along the buoy trajectory areshownin Fig. 15,and the

speedsof surfacewind and ice drift arepresentedin Fig. 16. On five separateoccasionsthe

temperature at all four depths appearsto be homogeneous,on the 129th day, the 142nd,

betweenthe 149th and 154th days,on the 165thday,and betweenthe 185th and 190th days

(Fig. 15a). Interestingly, salinities werenot completelyhomogenizedover this depth range.

A possibleexplanation is that in the Arctic Oceanmixing with subsurfacewarm water is

often followedby melting of seaice,which coolsthe mixed layer rapidly toward the freezing

point, and al_o results in an immediate restratification of the mixed layer due to the melt

water. This has beendiscussedin many previous papers(e.g., Moore and Wallace, 1988).

In the third and fifth casesmentionedabove,the salinity did showSomesign of mixing (i.e.,

increaseof surfacesalinity and decreaseof subsurfacesalinity). So we will focus on these

two cases,for which we havegreaterconfidencethat deepmixing actually occurred.

Let us first examine the event occuring around the 150th day in 1994. During this

period the geostrophicwind wasstrongerovermost of the Arctic basin, especiallynear the

North Pole.in the area north of 80°N (Fig. 17). Near the buoy site (marked by "B") the

wind speedstarted to increaseon the 148th day, reachinga maximum around the 157th

day, when the wind speedwasmore than 10m/s higher than normal. It also appearsthat

the centerof the positive wind anomalymovedslowlyeastward(cyclonically). The SLP was

loweralmost everywhereoverthe Arctic basin(Fig. 17). A low SLP centerinitially emerged

from the Nordic Seaarea and movedtoward the BarentsSeaon the 148th and 149th days.

This intensified quickly, while moving,slowly northeastward. The cyclonic wind anomaly

induced by this low SLP centerwasmainly responsiblefor the changein wind speedseen

in Fig. 16. Sea-iceconcentrationin the vicinity of the buoy waschangedlittle by the storm

(Fig. 19). The presence.ofa low SLP center in the Eurasian basin increasedthe zonal

SLP gradient, and thus southwardtransport of seaice associatedwith the TranspolarDrift

should increasenorth of Fram Strait. But this alsooccurredin the marginal icezoneduring

the melting season,so the net changein iceconcentrationmay not have been.dominated by

storm forcing. The sea-iceconcentrationdid increasenoticeably in the westernArctic and

north of Fram Strait, and decreasedin the Eurasianbasin, consistentwith what would be

expectedfrom a wind field associatedwith a low SLP center in the Eurasianbasin.

12



Another strong wind condition developedjust before the IOEB passedthrough Fram

Strait. Like the previous event, there was only a mild increasein wind speed(about 7-8

m/s), which lasted about one week near the IOEB location. The SLP field, however, was

quite different from the previous cases. This case involved a dipole of low and high SLP

centers. The high was initially located in the Laptev Sea area and then moved toward the

): orth Pole, and a low then developed in the area around Fram Strait. The pressure gradient

led to strong winds at the buoy location, causing upper-ocean mixing.

We have discussed four mixing events observed by IOEBs, two in the Beaufort Sea and

two in the Transpolar Drift area just north of Fram Strait. Daily geostrophic winds from

the International Arctic Buoy Progra.m show that wind speeds were abnormally high when

mixing was observed, consistent with the buoy surface-wind data. SLP patterns which led

to "gusty" winds were not unique. In the Beaufort Sea the SLP showed a dipolar structure

during both mixing events. North of Fram Strait the SLP anomaly was different for each of

the three mixing events: it involved a low SLP center in the first ca,se, a: high in the second,

and a dipolar structure in the third case.

4. Basin-wide Occurrences of Mixing-andTemporal Variations

Whenever the mixed layer deepens, warmer subsurface water is drawn toward the sur-

face layer, and a warmer mixed layer will affect ice-water heat fluxes, and thus the sea-ice

distribution. The importance of storm-driven mixing to the heat and salt budgets of the

upper Arctic Ocean depends on how stormy the Arctic is. Mixing events occurred several

times within the short period of IOEB observation, suggesting that storm-forcing may be an

important contributor to upper-ocean mixing, It should be pointed out that most mixing

events identified by IOEB data were rather shallow, and reached only the halocline or the

upper thermocline On the other hand the Tr_Do _-• , _,_,_-,_ were usually not in the area of maximum

wind speed when the events occured. It is reasonable to assume that mixing could reach

deeper levels in areas with stronger winds, and could consequently entrain more warm water

from below into the mixed layer.

13



In-situ measurementsof storm-driven mixing eventsare rare. We studied this problem

indirectly by examining the wind field. In the Arctic, storms can be either cyclonic or

anticyclonic. We will not attempt to separatethem in this study, since we are interested

primarily in the wind Speed.The seasonaldistribution of synoptic activity, including both

cyclonesand anticyclones,hasbeendiscussednicely by Serrezeand Barry (1988). We will

lhst examine the climatology of the wind field beforediscussingits interannual variations.

The IABP data were used to compute a 22-yearclimatology of daily geostrophic wind.

The monthly-averagedwind speedsfor February,May, August, and Novemberare shownin

Fig.20, representingthe four seasons.Over the whole Arctic basin the geostrophic wind is

much stronger in fall and winter than in summer and spring, consistent with the seasonal

variations described by Poiyakov et ai. (1999). Wind speed is greater in areas north of the

Atlantic and Pacific inflows, such as in the Nordic Seas, the Barents Sea, and the Chukchi

Sea, but weaker in areas off the Canadian and Eurasian coasts of the Laptev, E. Siberian,

and Beaufort Seas. As shown by Serreze and Barry (1988), Arctic cyclones and anticyclones

may :develop in all seasons.

• .t

The flux of kinetic energy is just one factor; mixing also depends on local buoyancy fluxes

and background stratification. In winter, brine rejection weakens the stratification, which,

together with.......... stro_ug wind _forcing, may make deep mixing events more likely. An,,&_r,,*_ factor

is sea-ice concentration and its response to wind forcing. Previous studies have shown that

ice-drift speeds respond rather rapidly to wind forcing (e.g., Colony and Thorndike, 1984).

This was confirmed by the.IOEB measurements of ice and wind speed. During storms both

wind and ice speeds increased almost simultaneously. We are mindful, however, that using

wind speed alone could over-simplify the problem.

Next we calculated the number of days in a calendar year when the geostrophic wind

speed was greater than 20 m/s. The 22-year average between 1979 and 2000 is shown in Fig.

21 In the vast area of the Arc '_ _
• c_ oasin the average number of days withsuch strong wind

was less than eight, except in the area north of Fram Strait and in the Nordic Seas. Using a

lower threshold of 15 m/s gives a similar spatial pattern, although values change somewhat.

To investigate interannual variations, we havecomputed the "anomalous" number of "stormy

days," shown in Fig.22. The number of stormy days was generally lower in the 1980s than in
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the 1990s.In general,the Canadabasinhasasmaller interannual changecomparedwith the

Eurasian Basin, especially in the BarentsSeaarea. It hasbeenreported that the halocline

in the EurasianBasin has beenretreating in the past decade(Steeleand Boyd, 1998). One

hypothesis advancedto explain the vanishing halocline was an increasein Atlantic inflow

through Fram Strait and the Barents Sea. Here we have shown that the weather in this

region becamestormier in the 1990s.Thus, one may speculatethat enhancedstorm-driven

mixing may haveplayeda role in bringingwarmer Atlantic water to the surface,and perhaps
contributed to the retreat of the Arctic halocline.

It shouldbenoted that in the Central Arctic, the yearwith the most storm is 1997while
the year with the secondmost _ _ _o_o.m is 1996 which are the same years when the IOEB was

providing good data. It is apparent from Fig. 21 that although the IOEB provides very good

temporal resolution, it is not able to provide good spatial details about storm occurrences.

The deployment of more of these buoys at other areas of the basin is thus most desirable for

a more detail study of the mixing phenomenon.

Does the Arctic Oscillation affect storm distribution? We have computed the correlation

between tile annual AO index (Thompson and Wallace, 1999) and the number of stormy days

in a year (as in Fig. 22) for the period from 1979 to 2000. The correlation is rather lower,

between -0.4 and +0.4 for this short period. In general, the Eurasian Basin, especially the

Barents Sea area, tends to be positively correlated with the AO index, while the correlation

is small in the Beaufort Sea area. We have also used longer records from NCAR-NCEP

(1947-2000) and find a similar pattern, but the correlation is better (between -0.6 and +0.6),

as shown in Fig. 23.

5. Discussion and Summary

We have investigated IOEB observations of oceanic, atmospheric, and ice parameters

from April 1996 to the end of 1997 in the Beaufort Sea, and from April through July of 1994

in the area north of Fram Strait. The buoy data show water-mass characteristics typical

of the Arctic Ocean (i.e., a cold halocline layer sandwiched between a cold, fresh mixed
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layer and a warmer, saltier thermocline layer below). The vertical gradient of salinity is

large due to the presenceof the halocline layer, as pointed out in many previous studies.

The prevailing view in the Arctic Ocean research community is that strong stratification

should prevent vertical mixing from penetrating the Arctic halocline, and thus halocline

water is likely to originate in remote areas such as coastal polynyas, where brine rejection

is greater (e.g., Aagaard et al., 1981). This view has been supported both by modeling and

observations. The IOEB data indicate, however, that mixing events reaching the halocline,

and even the thermocline deeper down, did occur in different areas of the Arctic. How do

we reconcile this apparent contradiction?

In our opinion, the result here complements the prevailing about the Arctic halocline.

Salinity in the Arctic mixed layer from the IOEB data was about 1 psu lower than that of

the halocline water, even during winter. This indicates that the water column was always

statically stable, consistent with the widely held view that brine rejection is not sufficient

to destablize the upper water column. The forcing mechanism responsible for the IOEB-

observed mixing events was not static instability induced by brine rejection, but an enhanced

kinetic energy input associated with storm activity. Brine rejection, however, may have

augmented the mixing in winter.

In summary, we have used data from IOEBs in various regions of the Arctic Ocean

to study mixing events which penetrated the halocline layer. All the mixing events were

mechanically driven by intense storms. The IOEB-observed mixing occured both in spring

(when ice was melting) and in winter (when ice cover was maximum), as well as in areas with

very different hydrographic structure. Thus, it is plausible that storm-driven mixing occurs

commonly over the whole Arctic Ocean. Further, IOEBs may not be located in the center

of the storm areas. It is likely that mixing could have reached deeper depths in areas with

stronger winds. How much does storm-driven mixing affect the overall heat and salt budget

of the Arctic Ocean mixed layer, and how does it affect the atmosphere-ocean-ice interaction

there? To answer these questions we need many more observations, as well as models capable

of simulating oceanic responses to both synoptic and longer time-scale atmospheric forcing.
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Figure Captions:

Figure 1" Schematic of the Ice-Ocean Environmental Buoy (IOEB).

Figure 2" Drift tracks for all IOEBs from April 1992 through November 1998. The dotted

line shows the 2000m isobath.
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Figure 3" Trajectory of the Beaufort Seabuoy after being refurbishedin April of 1996,after
which hydrographicmeasurementsbecameavailable.

Figure 4" Temperature and salinity betweenthe first refurbishment in April 1996and the

secondin April 1997(red" 8m; green-45m; blue" 76m).

Figure 5 Geostrophicwind speed(from the International Arctic Buoy Program) at the buoy

site for the period betweenrefurbishments (dashedline is for the daily wind speedand

the solid line is for its 5-day running mean). (Unit: m/s).

Figure 6" Speedsof surfacewind and ice drift measuredby the buoy (unit- m/s for wind
and cm/s for ice).

Figure 7: Anomalous geostrophic wind speed between the 54th and 65th day in 1997 (m/s).

Figure 8" Anomalous SLP between the 54th and 65th day in 1997 (rob).

Figure 9" The change in sea-ice concentration between the 54th and 65th days in 1997

(satellite SSM/I data).

Figure 10: Temperature and salinity after the second refurbishment in April 1997. (red: 8m;

green" 45m; blue-76m).

Figure 11" Speeds of surface wind and ice drift measured by the buoy (unit: m/s for wind

and cm/s for ice).

Figure 12"

(m/s).
Anomalous geostrophic wind speed between the 336th and 347th day in 1997

Figure 13" Anomalous SLP between the 336th and 347th days in 1997 (rob).

Figure 14" The trajectory of the Transpolar IOEB.

Figure 15" The temperature and salinity measured by the Transpolar buoy (red- 8m; green:

43m; blue: 75m; cayan" 110m).

Figure 16: The speeds of surface wind and ice drift measured by the buoy (unit-

wind and cm/s for ice).

m/s for
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Figure 17: Geostrophicwind anomaliesbetweenthe 146th and 157th day in 1994(m/s).

Figure 18: The anomalousSLP betweenthe 146th and the 157th day in 1994(mb).

Figure 19" The changein sea-iceconcentration betweenthe 149th and 156th day in 1994
(satellite SSM/I data).

Figure 20: Geostrophic wind speed for February, May, August and November (unit: m/s).

The data are based on the 22-year climatology averaged between 1979 and 2000.

Figure 21" The average number of "stormy" days (with daily-average geostrophic wind speeds

greater than 20 m/s) per year between 1979 and 2000.

Figure 22" The anomalous number of days in each year from 1979 to 2000 when the

geostrophic wind was greater than 20 m/s (relative to the 22-year climatology shown

in Fig. 21).

Figure 23" The correlation between stormy days and the AO index for the period between

1945 and 2000. Here we used the NCEP-NCAR reanalysis data for the surface wind. A

day is defined to be "stormy" when the daily-average surface wind is stronger than 15

1TI/S.

24



4

2

ICE-OCEAN
ENVIRONMENTAL BUOY

/



r,D
0

\
\

WHOI/JAMSTEC
Joint Arctic Program:

Drift Tracks of Ice Ocean Environmental Buoys
180 °

:÷

°.

Drift :

KARA"

SEA

o

BARENTS

SEA

O



Drift of Beaufort Gyre IOEB from 1996-98

o

120

o

ALASKA

0

-1000 50 100 200 1000 2000 3000 4000 5000



125
1 1 -1" I l -I 1 l

155 185 215 245 275 305 335 365
I

30
T

6O 90

32.5 I I I L 1 L

28.5
125

r

155
[

185
T

245
l l T

275 305 335
Date (1996-1997)

I

365
-r

60
I

90



0
CO

u')
CO
CO

u')
CO
CO

n

I I I

u4 c_ _ c_ u4 c_

(s/w) peeds PU!M o!qdoJlsoe9



0

0

CO
0

U
r.-l-

c.O
_4

V

(3O
0

.__1

0
0

0

0

Ice Speed (cm/s)

-I_ (3o PO
b b b

I I I

I I I

O_ 0

0 0
I

I

0

0

0

0

0

01
0

O0
0

0

0
0

Wind Speed (m/s)

PO _ O_ Oo 0
• • • a •

0 0 0 0 0
I I I I

I I I I



I

v

_OO
o

I
Ob
O"i

@

MoO6

90°E

Mo06

90°E

/V_06

90°E

Mo06

90°E

%

I
O'_
O

@

N_06

90°E

Mo06

90°E

Mo06

90°E

N_06

90°E

%

%

%

N_06

90°E

N_06

90°E

Mo06

90°E

Mo06

90°E

%

G0
O

o

O0
O

o

(3O
O

o



©

@

MoO6

90°E

N_06

90°E

Mo06

90°E

AAo06

90°E

%

%

%

AAo06

90°E

Mo06

90°E

Mo06

90°E

Mo06

90°E

%

%

I
O'1

Mo06

90°E

N_06

90°E

Mo06

90°E

N_06

90°E

%

%

(3O
O

O



Sea-Ice Concentration Change from the 54th to the 65th Day (1997)

180°W

0
o

0 °

- 11 -9 -7 -5 -3 -1 1 3 5 7 9 11



0.8

0.4

0.0-

= -0.4 -

m -0.8 -

E
m -1.2. -
I-

-1.6

-2.0 -
120

t 1 t [ I t L

I I I I 1 [ I

150 180 210 240 270 300 330 360

,I L t I I t t

::::)
28.0-

13_

-#26.0 -
¢.-

oo
24.0 -

30.0 - -..... -............__-_-....

22.0 - -_-_T 1 T 1 I ! _ T
120 150 180 210 240 270 300 330

Date (1997)

L_._

/

36O



O

O'1
O

(3o
O

I'O
._L

O

--_O
q:)
qD
"-,4

v

I_0
",J
0

CO
0
0

O_
CO
0

CO

0

0

0

Ice Drift Speed (cm/s)
--_ PO CO -I_
0 0 0 0
b b b b

I I

0

0"1
0

O0
0

0

IX3

0

I'0
"-,I
0

O_
0
0

O0
0.]-
0

0

0

0

Wind Speed (m/s)

b b b

I I I

PO

O



I
@

@

N_06

gO°E

MoO6

gO°E

N_06

gO°E

MoO6

gO°E

I

DO

MoO6

gO°E

AAo06

gO°E

MoO6

gO°E

N_06

gO°E

MoO6

gO°E

N_06

gO°E

/v_06

gO°E

/V_06

gO°E

%

(DO
0

o

_o
0

o



I

AAo06

90°E

Mo06

90°E

Mo06

90°E

Mo06

90°E

%

N_06

90°E

N_06

90°E

N_06

90°E

Nlo06

90°E

/V_06

90°E

Mo06

90°E

MoO6

90°E

/_06

90°E

%

%

%



Drift of TPD IOEB in 1994

.GREENLAN

f

-1000 50 100 200 1000 2000 3000 4000 5000



-1.4 -
O
v

(D

-1.6 -
L_

Q..
E

_- -1.8 -

I I I I I I I I

-2.0 I ! I i I i I I I

100 110 120 130 140 150 160 170 180 190

35.0

34.5 -

D 34.0-
Or)
D.

>,33.5 -
¢..

.i
i

33.0-Or)

32.5 -

I I I I I I ! I

i

/

32.0 i i i i I i i i

100 110 120 130 140 150 160 170 180
Date (1994)

190



0
,...&, •

0 i

°!

Wind Speed (m/s)

CA) 0") (.0 I_

I I I I

0

0

t==l=

O)

CO

v

0

0
0 I ' i I I

01 0

0
0

Ice Drift Speed (cm/s)

0 0 0 0

I I I I

O'm
0

mmmk,

0

0

0")
0

(3o
0

PO
0
0



I
I_O

Mo06

90°E

90°E

Mo06

90°E

Mo06

90°E

,...I.

oo

._i.

O'1
O0

@

/V_06

90°E

Mo06

90°E

N_06

90°E

/V_06

90°E

%

O0

Mo06

90°E

_o06

90°E

90°E

90°E

%

%

OO
O

o



©

I

@

Mo06

90°E

Mo06

90°E

AAo06

90°E

Mo06

90°E

I

AAo06

90°E

N_06

90°E

Mo06

90°E

N_06

90°E

I

O)

N_06

90°E

N_06

90°E

Mo06

90°E

Nlo06

90°E

(3O
O

o

%

(3O
O
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Storm-driven Mixing and Potential Impact on the Arctic Ocean

Jiayan Yang 1, Josefino Comiso 2, David Walsh 3, Richard Krishfield 4 and Susumu Honjo 4

Popular Summary:

Deep mixing events in the Arctic Ocean have been difficult to observe, especially in

winter because of the general inaccessivility of the region. New observations that made

use of the Ice-Ocean Environmental Buoys (IOEBs) deployed in the Arctic during the

1994-1998 period indicate the occurrence of mixing events reaching the depth of the

halocline in various regions of the Arctic Ocean. This indicates that despite a very stable

stratification associated with the Arctic halocline, the Warm subsurface thermocline water

is not always insulated from the mixed layer. Our analysis suggests that these mixing

events were mechanically forced by intense storms moving across the buoy sites. This is

a departure to conventional wisdom that the formation of new ice in leads and polynyas is
the likely mechanism that could result in mixing that would overturn the halocline. The

observed mixing events were analyzed in the context of storm developments that

occurred in two general areas with very different hydrographic structures, namely, the

Beaufort Sea and in the area north of Fram Strait. The Beaufort Sea is strongly

influenced by inflow of Pacific water through Bering Strait, while the area north of Fram

Strait is directly affected by the inflow of warm and salty North Atlantic water. Our

analysis of the basin-wide evolution of the surface pressure and geostrophic wind fields

indicate that the characteristics of storms could be very different but there effect could be

profound since they can force mixing deep enough to reach the halocline and thermocline

layers. The buoy-observed mixing occurred only in the spring and winter seasons when

the stratification was relatively weak. This indicates the importance of stratification,

although the mixing itself was mechanically driven. We also analyze the distribution of

storms using both the long term climatology as well as the patterns for each year in the

last two decades. The frequency of storms is also shown to be correlated (but not
strongly) to Arctic Oscillation indices.


